INTRODUCTION {#sec1-1}
============

The assessment of left ventricular (LV) systolic function is the main goal of the cardiological examination, and most of the clinical management and the prognosis are based on that.\[[@ref1]\]

In the clinical practice, ejection fraction (EF) is the most used parameter to judge LV systolic function. Unfortunately, EF is limited by several technical and hemodynamic factors. Usually LV EF is estimated by "eyeballing," which is influenced by reader experience and thus highly variable. Quantitative approaches are dependent on geometrical assumptions and on endocardial border definition. EF only reflects global LV function and does not take into consideration that a hyperkinetic segment may compensate a hypokinetic one leading to a false "normal" result.\[[@ref2]\] Even if we overcome all the technical limitations to assess EF (by using 3D echo or cardiac MRI), still this is a load-dependent parameter.\[[@ref1]\] In addition, cardiac mechanics is a complex process and EF can only roughly describe it. For all these reasons in the last 15 years, a significant effort has been done to develop strain imaging technique in order to objectively quantify regional and global myocardial function without geometric assumptions, limiting (as much as technically possible) the influence of loading conditions and allowing a comprehensive approach to study myocardial mechanics.

CARDIAC MECHANICS {#sec1-2}
=================

Cardiac mechanics is the net result of three major components:\[[@ref3][@ref4][@ref5]\]

The cardiac base moves toward the relatively fixed apex.Inward motion of the ventricular walls.The base and the apex rotate in opposite direction (ventricular twist).

This complex mechanics is due to the interaction among the 3 different muscle layers constituting the heart. According to Torrent Guasp model,\[[@ref6]\] the heart is a single myocardial muscle band consisting of helical and circumferential fibers. The myocardial band folds in 1 basal loop and 2 segments, one ascending and the other one descending, these two segments cross each other at the apical level, forming the apical loop. The basal loop is formed by transverse-oriented circumferential fibers wrapping around the ascending and descending segments sparing the apex and the septum. The contraction of the basal loop is responsible for circumferential shortening. The inner part of the ventricular walls had subendocardial right-handed fibers (the descending segment according to Torrent Gasp\'s theory) with an average angle of about 60-degree counterclockwise rotated.\[[@ref3]\]

The outer part of the wall had subepicardial left-handed fibers (the ascending segment of the Torrent Gasp\'s model) with an average angle of 50-degree clockwise rotated. The remaining 55% of mid wall muscle fibers had a circumferential orientation.

The subendocardial fibers (descending segment\] are responsible for longitudinal shortening and of the clockwise rotation of the apex and counterclockwise rotation of the base. The epicardial (ascending segment) fibers are responsible for longitudinal lengthening (during isovolumic relaxation\] of the apical counterclockwise rotation and of the base clockwise rotation.

The interventricular septum has a bi-layer structure: The right ventricular side made of subepicardial fibers and the LV side of subendocardial fibers with a dominant longitudinal motion. The interaction between longitudinal and circumferential fibers contracting according with different timings creates the mechanical reasons for the LV twist motion.

Basically during systole and diastole, the apex and the base rotate in opposite directions, while during the isovolumic periods both rotate in the same direction.

Systole {#sec2-1}
-------

The apical mechanics is the result of the interaction between the subepicardial (ascendant) and the subendocardial (descendant) segments. Because of its larger radius, the ascendant segment overpowers the descent segment leading to a counterclockwise apical rotation and the smaller clockwise basal rotation as net result of the interaction among all the 3 muscle layers at basal level \[[Figure 1](#F1){ref-type="fig"}\].

![Rotation of LV base and apex during the different phases of the cardiac cycle. Systole: Counterclockwise apical rotation and the smaller clockwise basal rotation. Diastole: The apex moves clockwise and the base counterclockwise. IVC (Isovolumic contraction period): Both the base and apex rotate in a counterclockwise direction. IVR (Isovolumic relaxation period): Apex and base rotate in a clockwise direction](JCE-25-1-g001){#F1}

Diastole {#sec2-2}
--------

The apex moves clockwise and the base counterclockwise \[[Figure 1](#F1){ref-type="fig"}\].

Isovolumic contraction period {#sec2-3}
-----------------------------

Both the base and apex rotate in a counterclockwise direction. This is due to contraction of the circumferential circular fibers. The ascending segment does not contract during this phase. The ventricle also narrows (because of circumferential fiber shortening) and elongates (because the contraction of the circumferential fibers shortens the basal loop and push toward the apex the two segments) \[[Figure 1](#F1){ref-type="fig"}\].

Isovolumic relaxation period {#sec2-4}
----------------------------

Apex and base rotate in a clockwise direction. During this phase, there is no contraction of the circumferential circular muscle layer or of the descending segment as both recoil. However, the ascending segment continues to contract, but at a reduced force so there is no ejection. The ventricle widens and lengthens during this period \[[Figure 1](#F1){ref-type="fig"}\].

The normal range of time between the termination of the contraction of the descending and ascending segments is about 80-90 ms. If this interval is shortened due to the persisting contraction of the descending segment during the diastolic period (post-systolic shortening), this will adversely affect diastolic filling, inhibiting the suction since about 50% of the untwisting occurs at this time.

Strain Imaging {#sec2-5}
--------------

Strain is a dimensionless parameter that represents the change in length of a segment relative to its baseline length and is expressed as a percentage (%). Strain rate is a quantification of the rate at which myocardial deformation takes place and is expressed as 1/s.\[[@ref1]\] While strain correlates well with stroke volume\[[@ref7]\] and fibrosis\[[@ref8]\], strain rate relates more preponderance to parameters reflecting myocardial contractility like end-systolic elastance.\[[@ref7]\] Loading conditions influence more strain, while strain rate seems less affected by preload and after load changes.\[[@ref1]\] The advantages of myocardial deformation parameters are their independence from tethering, and global cardiac motion, which impact on all the wall motion-based parameters (as myocardial velocity, displacement etc.), reflecting the true regional function allowing an early detection of subtle myocardial abnormalities.\[[@ref1]\]

The left ventricle has a 3D structure and thus its deformation is defined by the three normal strains (longitudinal, circumferential, and radial) \[Figures [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}\] and three shear strains (circumferential-longitudinal, circumferential-radial, and longitudinal-radial). Shear strains amplify about 15% shortening of myocytes into 40% radial LV wall thickening. Left ventricular shearing increases from subepicardium to subendocardium. Twist or torsional deformation is the result of counterclockwise apical rotation and clockwise basal rotation \[[Figure 4](#F4){ref-type="fig"}\]. During ejection, LV torsion allows the storage of potential energy into the deformed myofibers. This stored energy is released at the onset of relaxation and results in suction.\[[@ref9]\]

![From apical views, longitudinal myocardial strain can be calculated. In most of the commercially available systems, a bull\'s eye showing the peak systolic longitudinal strain is displayed](JCE-25-1-g002){#F2}

![From short axis view, radial strain (upper panel) and circumferential strain (lower panel) can be calculated](JCE-25-1-g003){#F3}

![The apical mechanics is the result of the interaction between the subepicardial (ascendant) and the subendocardial (descendant) segments. Because of its larger radius, the ascendant segment overpowers the descent segment leading to a counterclockwise apical rotation and the smaller clockwise basal rotation. Practically, LV twist is calculated as the difference between the maximal rotation (positive) during systole of the apex and the maximal (negative) systolic rotation of the base](JCE-25-1-g004){#F4}

Speckle tracking {#sec2-6}
----------------

Originally strain imaging was derived by tissue Doppler myocardial velocities\[[@ref1]\], but in recent years speckle tracking echocardiography (STE) has gained popularity and has now been widely accepted as the technique of choice.\[[@ref10]\]

This modality is based on 2D echocardiographic technology, thus is relatively angle independent obviating the need for parallel alignment between the ultrasound beam and myocardial wall being studied.\[[@ref11]\] The software enables to automatically perform the tracking demanding less post-processing.

After having been considered for many years as an undesirable characteristic of the image, speckles started to be employed as myocardial natural markers, capable of evaluation and quantification of the cardiac function in a reproducible, accurate and simple way \[[Figure 5](#F5){ref-type="fig"}\].

![STE is based on the identification and on the tracking of speckles (spots generated by the interaction between the ultrasound beam and myocardial fibers) on routine 2-dimensional ultrasonic derived images. These spots, temporally stable, are used as natural acoustic markers, able to identify, as fingerprint, that specific myocardial segment and moving together with the tissue. Thus, the analysis of the spatial dislocation (tracking) of speckle represents the movement of that segment of tissue. From this, natural strain can be obtained and strain rate can be calculated as temporal derivative](JCE-25-1-g005){#F5}

STE is based on B-mode gray scale tracking of 2D "speckles." Speckles are small dots or groups of myocardial pixels that are routinely created by the interaction of ultrasonic beams and the myocardium.\[[@ref12]\] "Kernel" is a number of adjacent speckles clumped together with unique arrangements. This unique signature kernel is easy to track, just like a fingerprint that identifies the unique myocardial segment. Using the end-diastolic dimensions as a surrogate for original length and reference point, these speckles can be tracked as they move through the cardiac cycle to determine direction, speed and the distance of such movement, and thus the amount of deformation (i.e., strain). The derivative of strain will give the strain rate.

2D STE limitations {#sec2-7}
------------------

The bi-dimensional STE has several limitations:

frame rates are lower than tissue Doppler-derived strain (50-90 fps vs. 180-220 fps), which specifically hamper strain rate measurements.Different post-processing algorithms and frequent software upgrades for 2D STE are used by different vendors giving rise to different values. Despite the name, some vendors rather than tracking the speckles, track user-defined points along the manually defined interface between endocardium and blood pool (edge tracking).STE is critically dependent on 2D image quality.STE provides the average value of deformation for each LV segment ignoring differences in myocardial deformation within the segment. In this regard, tissue Doppler derived myocardial deformation parameters are more sensitive to early myocardial abnormalities.Rotation measurements are highly dependent on image acquisition. Transducer angulation can result in oblique short-axis views and the real apical short axis view can be difficult to obtain.Out of plane motion of speckles throughout the cardiac cycle.

3D STE {#sec2-8}
------

The out of plane motion hampering 2D STE and the natural 3D deformation of the heart has raised interest for 3D STE.

Particularly, the new software requiring just one beat to acquire a full volume dataset for the analysis of all the chambers and all the segments are particularly promising.\[[@ref2][@ref13]\]

First-generation volume imaging system requires multiple beats to build the full volume data making it susceptible to stitching artifacts.

Advantages of 3D STE over 2D STE are:

The avoidance of LV foreshortening.Simultaneous assessment of all strain and rotation parameters from a single 3D dataset.No out of plane motion.

Data about reproducibility of 3D STE are rather conflictual with some claiming a better reproducibility than 2D STE and other showing less good results.\[[@ref14][@ref15]\] The variability of 3D STE measurements rely on the post-processing need for manual adjustment of endocardial and epicardial borders, which are less well-defined than in 2D.

3D STE limitations {#sec2-9}
------------------

A major disadvantage of 3D STE is its critical dependency on the quality of 2D images used for acquisition, even more than 2D STE because of its relatively low spatial resolution.

The tracking accuracy is limited by the relatively low temporal (volume rate) and spatial resolution. Especially in presence of higher heart rate (children, arrhythmias, etc.) the tracking accuracy significantly deteriorates, particularly for strain rate, twist, and torsion. Radial strain is estimated by tracking both the endocardial and epicardial borders and therefore is critically dependent on image quality and less reliable.

Discrepancies between different vendor platforms apply for 3D-STE-derived measurements too.\[[@ref14]\] As for 2D STE, the obtained deformation parameters are an average of myocardial segment function overlooking local differences within the segment.

Clinical applications {#sec2-10}
---------------------

The assessment of myocardial deformation properties has emerged as clinically useful in several cardiac diseases and especially for early detecting of subclinical cardiac abnormalities in conditions where standard echocardiography or myocardial velocity failed to identify early abnormalities, such as heart failure with preserved ejection fraction or cardiac abnormalities after chemotherapy.\[[@ref16][@ref17]\] However, global longitudinal strain is probably the only parameter that can be used in the routine clinical practice.

Atrial function {#sec2-11}
---------------

Several clinical studies demonstrated that the left atrial volume and size are both predictors of cardiovascular events.\[[@ref18][@ref19]\] Initial studies by using tissue Doppler-derived strain were very promising on the clinical application of this technique. The most interesting results have been obtained in the field of atrial fibrillation where atrial strain has emerged as a strong prognosticator for atrial fibrillation recurrence for its strong correlation with atrial fibrosis\[[@ref20][@ref21]\] But atrial strain demonstrated an important prognostic value also in patients with mitral valve diseases\[[@ref22]\] or hypertrophic cardiomyopathy.\[[@ref23]\]

DILATED CARDIOMYOPATHY {#sec1-3}
======================

Longitudinal strain has demonstrated an additional predictive value in patients with dilated cardiomyopathy.\[[@ref24][@ref25]\] The application of this technique also provides new insight on cardiac mechanics of DCM patients showing opposite apical rotation in those with more severe dilatation.\[[@ref26]\]

Hypertrophic cardiomyopathy {#sec2-12}
---------------------------

Myocardial deformation parameters are significantly impaired in hypertrophic cardiomyopathy patients\[[@ref27]\] even in segment without hypertrophy\[[@ref28]\] \[[Figure 6](#F6){ref-type="fig"}\] and in presence of normal LV EF. The amount of myocardial deformation impairment is correlated with the amount of fibrosis\[[@ref29]\] and some authors suggest a predictive value of longitudinal strain in hypertrophic cardiomyopathy patients to detect ventricular tachycardia.\[[@ref30]\] These findings if confirmed in larger and multicenter study may help to better stratify hypertrophic cardiomyopathy patients for the risk of sudden death.

![Hypertrophic cardiomyopathy. During systole, the normal myocardial shortening is color-coded in yellow (as shown in the top panel corresponding to the apical segment). Conversely, the mid panel shows during systole abnormal myocardial deformation, suggestive of fibrosis and myocardial disarray, as demonstrated by the abnormal red and blue lines. Minor abnormalities showed in the basal panel (corresponding to the basal septum) suggesting some minor degree of fibrosis](JCE-25-1-g006){#F6}

Myocardial deformation analysis could be also of help to differentiate subgroup of cardiomyopathies exhibiting a peculiar myocardial deformation pattern\[[@ref31]\]: Fabry\'s disease shows the double peak sign \[consisting of an early systolic peak followed by a rapid fall and a second peak during the isovolumic relaxation phase indicative of post-systolic shortening on the strain rate curves\[[@ref32]\]). - Friederich\'s ataxia: Marked and homogeneously reduced systolic and diastolic myocardial deformation properties even in non-hypertrophied segments. --- Amyloidosis: Early and severe impairment in longitudinal deformation sparing the apex with normal radial and circumferential deformation.\[[@ref31]\]

CORONARY ARTERY DISEASE {#sec1-4}
=======================

Myocardial deformation parameters are able to provide an objective and quantitative way of assessing regional myocardial function both at rest or during exercise test differentiating all the ischemic substrates.\[[@ref1]\] Although speckle tracking analysis of regional myocardial deformation is best performed during dipyridamole challenge rather than other type of stress echocardiography because frame rate limitation, several reports demonstrated an additional value also during dobutamine challenge.\[[@ref33]\]

Global longitudinal strain may predict infarct size better than LV EF as demonstrated by cardiac MRI.\[[@ref34][@ref35][@ref36]\]

Valvular heart disease {#sec2-13}
----------------------

The surgical timing is often difficult to define in asymptomatic patients with moderate to severe aortic regurgitation and normal ejection fraction. Several studies both in adults and in pediatrics demonstrated that peak systolic strain is able to detect early cardiac abnormalities and the prognosis of such patients is strongly correlated to the amount of myocardial deformation impairment.\[[@ref37][@ref38][@ref39][@ref40]\]

Similar results have been obtained in patients with mitral regurgitation by using LV strain and atrial strain.\[[@ref40][@ref41][@ref42][@ref43][@ref44][@ref45]\]

Patients with severe aortic stenosis (AS), normal LVEF still asymptomatic showed impairment in the longitudinal strain.\[[@ref40][@ref41][@ref42][@ref43][@ref44][@ref45][@ref46][@ref47][@ref48]\]

All these findings clearly demonstrate that LVEF is not enough to identify subtle changes in myocardial function in the presence of significant changes in loading conditions.

Right ventricular evaluation {#sec2-14}
----------------------------

The right ventricular function is the Achilles' heel in the echocardiographic evaluation. This is because of right ventricular complex geometry, heterogeneous morphology and function. In addition, the evaluation of right ventricular function is more clinically important in presence of abnormal loading conditions, which further challenge the application of traditional echo indices. Speckle tracking echocardiography overcomes all these limitations\[[@ref49][@ref50]\], as it is not dependent on geometrical assumptions, it can describe regional myocardial deformation patterns and is less load dependent (especially strain rate).

Congenital heart disease {#sec2-15}
------------------------

Myocardial deformation assessment is particularly helpful in the evaluation of ventricular function in children with congenital heart disease\[[@ref51]\], including assessment of the systemic right ventricle\[[@ref52]\], single ventricles\[[@ref53]\], and morphologically abnormal left ventricles\[[@ref54]\] even in the presence of normal or supranormal ejection fraction. The evaluation of myocardial deformation properties has provided new insights into the pathophysiology of congenital heart disease and diagnostic and prognostic information otherwise not available by conventional echocardiography.\[[@ref51]\]

CONCLUSIONS {#sec1-5}
===========

Cardiac mechanics assessment by STE is a promising tool, considering its property of early diagnosis and prediction of events. We hypothesize that this semi-automated, noninvasive and low-cost methodology may shed light on the comprehension of the sophisticated cardiomyocyte physiology and also on the physiopathology of cardiac diseases.
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